To evaluate the infl uence of cross-sectional arc calcifi cation on the diagnostic accuracy of computed tomography (CT) angiography compared with conventional coronary angiography for the detection of obstructive coronary artery disease (CAD).
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The complete CORE-64 protocol and methods have been previously described ( 6, 16 ) . Inclusion criteria were symptomatic patients who were at least 40 years old, were scheduled for CCA, and were willing to provide written informed consent. Participant exclusion criteria were a history of allergic reaction to iodinated contrast agents, renal failure, multiple myeloma, previous organ transplant, elevated serum creatinine ( . 1.5 mg/dL or calculated creatinine clearance , 60 mL), atrial fi brillation, tachyarrhythmia, advanced atrioventricular block, evidence of severe symptomatic heart failure (New York Heart Association class III or IV), severe aortic stenoses, previous coronary artery bypass or other cardiac surgery, coronary artery intervention within the last 6 months, contraindication to b -blockers, body mass index higher than 40 kg/m 2 , and presence or history of any condition that the investigator judged to be a relevant reason for exclusion. The Health Insurance Portability and Accountability Act-compliant study protocol overall coronary artery calcifi cation did not reduce the diagnostic accuracy of multidetector CT angiography compared with CCA in a cohort of patients with an Agatston coronary calcium score of 600 or less; however, in vessel-based analysis, the diagnostic capability was reduced in those patients with a higher Agatston score ( 8 ) . The aim of the our study was to further evaluate the infl uence of coronary artery calcifi cation at the individual segment level on the diagnostic accuracy of multidetector CT angiography in comparison with CCA.
Materials and Methods
Financial grant support was received from Toshiba Medical Systems (Nasu, Japan); the Doris Duke Charitable Foundation (New York, NY); the National Heart, Lung, and Blood Institute (grants RO1-HL66075-01 and HO1-HC95162-01); the National Institute on Aging (grant RO1-AG021570-01); and the Donald W. Reynolds Foundation (Las Vegas, Nev). The multidetector CT contrast agent was provided by Bracco Diagnostics (Princeton, NJ). The authors had complete control of the data and the information submitted for publication.
Study Population
The Coronary Evaluation Using Multidetector Spiral Computed Tomography Angiography Using 64 Detectors, or CORE-64, trial, a multicenter international trial, prospectively enrolled 371 symp tomatic patients (279 men, 92 women; median age, 61 years [interquartile range {IQR}, 53-67 years]) suspected of having CAD who were at least 40 years old and were referred for CCA into a single-blinded cohort study conducted at nine centers in seven countries ( 6, 16 ) 
(Appendix E1 [online]).
C oronary artery disease (CAD) remains the leading cause of death in the United States for both men and women ( 1 ) . Multidetector computed tomographic (CT) coronary angiography for the noninvasive detection of atherosclerosis and obstructive CAD has been used in a variety of patient populations suspected of having CAD owing to its high diagnostic accuracy, as shown in previous single and multicenter studies in selected populations with good multidetector CT angiography image quality ( 2-9 ). Despite technical advances improving both spatial and temporal resolutions (10) (11) (12) , coronary artery calcifi cation continues to degrade image quality and limits the diagnostic accuracy of multidetector CT angiography as compared with conventional coronary angiography (CCA) for the detection of obstructive CAD. Researchers in several studies ( 7, (13) (14) (15) have reported that multidetector CT angiography in patients with severe coronary artery calcifi cation (Agatston calcium score . 400) remains less effective as a diagnostic tool than in patients with mild, moderate, or no coronary artery calcifi cation. In a previous patient-based analysis, we reported that
Implication for Patient Care
The clinical utility of multidetecn tor CT angiography to identify a patient with obstructive CAD has been shown; however, its utility for determining the presence of substantial CAD in a segment is limited by the presence and extent of coronary calcifi cation.
Advances in Knowledge
The prevalence of coronary n artery disease (CAD) in noncalcifi ed segments is substantially lower than in segments with mild, moderate, or severe calcifi cation.
Cross-sectional arc calcifi cation is n a strong predictor of diagnostic disagreement between CT angiography and conventional angiography after controlling for sex, age, heart rate, and image quality.
Diagnostic accuracy by area n under the receiver operating characteristic curve is significantly lower by degree of segment calcifi cation; the positive likelihood ratio in a coronary segment with disease is acceptable in noncalcifi ed segments, but it is lower than is acceptable in segments with moderate or severe calcifi cation. 
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The extent of segment calcifi cation was measured in all segments of the coronary tree by using an adapted crosssectional arc calcifi cation method ( 18 ) . In brief, coronary artery segments were visually examined in cross section by the two independent observers who were blinded to patient information, and the greatest circumferential extent of calcium within the coronary segment (arc calcifi cation) was independently assessed in degrees according to the following ordinal scale: 1 = noncalcifi ed segments, 2 = mild calcifi cation (cross-sectional arc calcium , 90°), 3 = moderate calcification (cross-sectional arc calcium of 90°-180°), and 4 = severe calcifi cation (cross-sectional arc calcium . 180°) ( Fig 1 ) . Similarly, segment image quality was evaluated by using an ordinal scale: 0 = unevalulable, 1 = poor quality, 2 = adequate quality, and 3 = good or optimal quality. The fi nal consensus segment calcium burden and image quality scores were derived through averaging.
CCA Data Acquisition and Analysis
CCA was performed by using standard angiographic techniques within 30 days following multidetector CT angiography. Intracoronary nitroglycerine was administered (150-200 m g) prior to acquisition of the fi rst image of the left and right coronary arteries to standardize coronary tone. Coronary angiographic images were saved in Digital Imaging and Communications in Medicine format and forwarded to the Angiographic Core Laboratory at Johns Hopkins University for analysis.
Quantitative coronary angiography (QCA) was performed by using an edgedetection algorithm with validated commercially available software (CAAS II QCA Research, version 2.0.1; PIE Medical Imaging, Maastricht, the Netherlands). With the outer diameter of the contrast agent-fi lled catheter as the calibration standard, the minimum lumen diameter in diastole or near the end of the diastolic phase was measured from orthogonal projections. The most substantial stenoses within each coronary segment were analyzed with quantitative assessment of the degree of stenosis. The percentage of stenosis was derived from thickness with overlap of 0.3 mm. ImageXact software (Toshiba Medical Systems) was used to select the systolic and diastolic phases with the least cardiac motion by using both standard (FC43) and hard (FC05) convolution kernels. A temporal window of plus or minus 20 msec was used to optimize image reconstruction on per-patient and per-vessel bases for both systolic and diastolic reconstructions. Electrocardiographic editing was used to exclude arrhythmias and decrease cardiac motion.
The CT Core Imaging Laboratory at Johns Hopkins University reconstructed images in multiple cardiac phases for interpretation by two independent cardiologists (A.A. and I.G) with 5 or more years of prior cardiac imaging experience who were blinded to any patient information and used independent workstations with dedicated cardiac multidetector CT analysis software (Vitrea 2, version 3.9.0.1; Vital Images, Minnetonka, Minn). Images were fi rst visually assessed by using a 19-segment coronary model ( 16 ) . Quantitative assessment of the degree of diameter stenosis was then performed in crosssectional and longitudinal projections in segments visually identifi ed as having 30% or greater stenosis. Measurements were made by using a semiautomatic contour-detection algorithm, electronic calipers, and rulers in crosssectional and longitudinal projections. Final determinations of reference and lumen diameters were made only after manual contour editing ( 16 ). Segments with substantial discrepancies underwent a consensus process that incorporated a third cardiologist with more than 30 years of cardiac imaging experience. In segments in which the difference between the two principal readers was not substantial, a consensus score was derived through averaging. A substantial difference was defi ned as the maximum percentage diameter stenosis crossing the 50% or 70% thresholds. Additionally, if any one reader judged a segment to be nonassessable, the segment underwent a consensus interpretation. Segments were deemed nonassessable only if there were no quantitative measurements made by any of the readers. and informed consent form were approved by the institutional review board at each center as well as a centralized institutional review board at Johns Hopkins Hospital.
Multidetector CT Angiography Acquisition Protocol
Calcium scanning was performed by using prospective electrocardiographic gating at 120 kV and 300 mA, with gantry rotation of 0.4 second and detector collimation of 4 3 3.0 mm. For the multidetector CT angiography, retrospective elec trocardiographic gating was used with gantry rotation times of 350-400 msec automatically selected to allow synchrony with the heartbeat to enable effi cient adaptive multisegment image reconstruction ( 17 ) . On the basis of body mass index, an acquisition tube current of 240-400 mAs was used with an unchanging tube voltage of 120 kV to meet a predetermined gender-specifi c effective radiation dose of approximately 12-15 mSv, not to exceed 20 mSv. Iopamidol (Isovue 370; Bracco Diagnostics) was administered intravenously with image acquisition triggered automatically at 180 HU in the descending aorta. Images were acquired from the carina through the cardiac apex during one breath hold. All images were acquired by using 64 3 0.5-mm high-detection CT angiography (Toshiba Medical Systems).
b -Blockers were given when the resting heart rate was above 70 beats per minute to reduce the heart rate to below 65 beats per minute. If the mean heart rate could not be reduced to below 80 beats per minute prior to or during image acquisition, the patient was prespecifi ed to be excluded from the primary study analysis. Sublingual short-acting nitroglycerin was routinely given if systolic blood pressure was above 110 mm Hg. All multidetector CT studies were performed 30 or fewer days before CCA.
Multidetector CT Angiography Data Management and Analysis
Raw image data from all multidetector CT angiography scans were transferred to a centralized core laboratory where all images were reconstructed. Images were reconstructed at 0. AUCs for different groups were compared by using bootstrap confi dence intervals (CIs) for the difference between the AUCs. All tests were two-tailed, the signifi cance threshold was a P value less than .05, and CIs were 95%.
Results

Baseline Demographics
Of 405 patients who gave consent, 34 were excluded because of major protocol the view with the greatest reduction of diameter (the worst view) with the least foreshortening of the segment in question. The reference diameter is an interpolated diameter of normal segments proximal and distal to the lesion. Segments that could not be accurately visualized owing to reduced image quality were excluded. Segmental disease was analyzed in each vessel by using the 19-segment model used with the multidetector CT angiography. Lesions causing a 50% or greater reduction of the lumen were considered obstructive.
Cross-Modality Segment Adjudication Process
Following analysis completion, all stenosis measurements were locked, and the adjudication was performed to ensure that segment scores for both multidetector CT angiography and QCA were derived from the same segments. The adjudication methods have been previously described ( 6, 16 ) ; briefl y, all segments for every patient with at least one lesion with 50% or greater obstruction as determined with either QCA or multidetector CT angiography were adjudicated by a committee. No visual or quantitative measurements with either modality could be modifi ed during the adjudication process; only the label for alignment of the attributed segment could be altered.
Statistical Analysis
Statistical analyses were performed with Stata statistical software (release 10.0; StataCorp, College Station, Tex). Univariate and multivariable logistic regression analyses were performed to compute the odds ratios for disagreement between multidetector CT angiography and QCA according to the degree of segment calcifi cation. Computation of confi dence limits for segments took into account within-patient clustering by using logistic regression with generalized estimating equations ( 19 ) . Sensitivity, specifi city, and positive and negative predictive values were calculated by standard methods ( 20 ) . The receiver operating characteristic curve was used as the measure of diagnostic accuracy. Computation of confi dence limits for the area under the receiver operating characteristic curve ( Fig 2 ) . Among segments with true-positive fi ndings, 24% (139 of 585) were noncalcifi ed, and 76% (446 of 585) had some degree of calcifi cation. However, among the segments with true-negative fi ndings, 5% (193 of 3926) had severe calcifi cation, 9% (365 of 3926) had moderate calcifi cation, 24% (936 of 3926) had mild calcifi cation, and 62% (2432 of 3926) were noncalcifi ed. The infl uence of segment calcifi cation on the percentage of segments that were concordant, overestimated (false-positive), or underestimated (false-negative) with multidetector CT angiography compared with CCA is presented in Figure 3 .
CARDIAC IMAGING:
The infl uence of calcifi cation on segment-level image quality is presented in Figure 4 . Eighty-six percent (2204 of 2571) of the noncalcifi ed segments were of good-to-adequate image quality, while 54% (433 of 800) of the segments with poor image quality had some degree of calcifi cation.
Multivariable Regression
In multivariable regression analysis, segments with calcifi cation were highly ranging from 44% (61 of 139) in noncalcifi ed segments to 81% (118 of 145) in segments with severe calcifi cation ( P = .014). However, as the degree of calcifi cation increased, the specifi city of multidetector CT angiography decreased, ranging from 99% (2401 of 2432) in noncalcifi ed segments to 71% (137 of 193) in segments with severe calcifi cation ( P = .010, 
Diagnostic Accuracy by Level of Coronary Arc Calcifi cation
A total of 4511 segments, from 371 patients in which segment calcium burden measurements were made, were included in the analysis. Good agreement was observed between the readers in the assessment of segment calcium burden ( k = 0.65). A total of 2571 (57%) were free of coronary calcifi cation, and 1940 (43%) had some degree of calcifi cation. Of the noncalcifi ed segments, 139 (5%) had obstructive noncalcifi ed plaques. Of all segments, 1099 (24%) had mild calcifi cation, 503 (11%) had moderate calcifi cation, and 338 (7%) had severe calcifi cation. In segments with coronary calcium, the prevalence of obstructive disease was 15% for mild calcifi cation, 27% for moderate calcifi cation, and 43% for severe calcifi cation. As the degree of coronary calcifi cation increased, the sensitivity of multidetector CT an giography increased, ( Table 3 ) .
Discussion
Multidetector CT angiography is a promising test for the noninvasive detection of coronary artery stenosis in patients because of its noninvasive nature, high sensitivity, and negative predictive value, as found in several previous studies using 16, 32, or 64 detector rows ( 2-9 ). Researchers in several studies ( 7, (13) (14) (15) have reported that multidetector CT angiography in patients with severe coronary calcifi cation (Agatston score . 400) remains less effective than that in patients with mild, moderate, or no coronary calcifi cation. In our study, coronary artery calcifi cation was associated with reduced diagnostic accuracy as as- 
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Vavere et al segment-based analyses, the investigators reported sensitivity, specifi city, and positive and negative predictive values of 77%, 98%, 66%, and 99%, respectively, in noncalcifi ed segments; 87%, 93%, 72%, and 97%, respectively, in mildly calcifi ed segments; 92%, 83%, 65%, and 97%, respectively, in moderately calcifi ed segments; and 93%, 72%, 64%, and 95%, respectively, in severely calcifi ed segments. We found a similar trend from noncalcifi ed to calcifi ed segments, with uniformly lower sensitivities and negative predictive values and similar specifi cities and positive predictive values. Previous studies ( 7, 13, 22 ) have found that multidetector CT angiography overestimates the degree of obstructive CAD in the presence of coronary calcifi cation. In our study, 85% of the segments with false-positive fi ndings had coronary calcifi cation (28% mild, 29% moderate, and 27% severe); however, 76% of the segments with true-positive fi ndings also had coronary calcifi cation. In severely calcifi ed segments, both overestimation and underestimation occurred. Results of previous studies ( 7, 22 ) have shown low false-negative rates even in the presence of calcifi ed coronary plaques. We observed similar fi ndings in our study, with 3% of the noncalcifi ed, 6% of the mildly calcifi ed, 8% of the moderately calcifi ed, and 8% of the severely calcifi ed segments reported as false-negatives. Zhang et al ( 22 ) reported that larger calcifi ed coronary artery plaques have higher prevalence rates of obstructive CAD; however, a majority of calcifi ed plaques undergo remodeling and do not lead to luminal narrowing. Similar fi ndings were observed in our study, in which 43% of the severely calcifi ed, 27% of the moderately calcifi ed, and 15% of the mildly calcifi ed segments had obstructive CAD.
In our study and in previous reports, heavy coronary artery calcifi cation was associated with a reduction in image quality and diagnostic accuracy when compared with CCA ( 2 ). The interpretation of multidetector CT angiography in the presence of coronary artery calcifi cation is limited by blooming and beamhardening artifacts ( 22, 23 ) , which make it diffi cult to clearly delineate between angiography diagnostic accuracy compared with CCA in patient-based analyses; however, in vessel-based analyses, coronary calcium was associated with reduced multidetector CT angiography diagnostic accuracy. Furthermore, in a prior study ( 7 ) evaluating the effect of coronary calcifi cation on the diagnostic accuracy of multidetector CT angiography compared with CCA in and CCA in mildly calcifi ed segments was 2.57 , that in moderately calcifi ed segments was 4.14, and that in severely calcifi ed segments was 3.94 . Therefore, as the extent of calcium plaque increased, the odds of a misdiagnosis increased.
In a previous subanalysis of the CORE-64 trial ( 8 ) , coronary calcium as quantifi ed by Agatston score was not associated with reduced multidetector CT
Figure 3
Figure 3: Bar graph shows infl uence of segment calcifi cation on the concordance, overestimation, and underestimation with multidetector CT angiography compared with CCA. Of the 2571 noncalcifi ed segments, 2462 were concordant, 31 were false-positive, and 78 were false-negative. Of the 1099 mildly calcifi ed segments, 977 were concordant, 57 were false-positive, and 65 were false-negative. Of the 503 moderately calcifi ed segments, 402 were concordant, 60 were false-positive, and 41 were false-negative. Of the 338 severely calcifi ed segments, 255 were concordant, 56 were false-positive, and 27 were false-negative.
Figure 4
Figure 4: Bar graph shows infl uence of calcifi cation on segment-level CT image quality. Of the 2571 noncalcifi ed segments, 1208 were of good quality, 996 were of adequate quality, and 367 were of poor quality. Of the 1099 mildly calcifi ed segments, 489 were of good quality, 436 were of adequate quality, and 174 were of poor quality. Of the 503 moderately calcifi ed segments, 142 were of good quality, 247 were of adequate quality, and 114 were of poor quality. Of the 338 severely calcifi ed segments, 25 were of good quality, 168 were of adequate quality, and 145 were of poor quality.
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Vavere et al infl uenced by subjectivity and interpretation bias. Additionally, individuals with a resting heart rate above 80 beats per minute, a body mass index greater than 40 kg/m 2 , segments with stents, or segments that were less than 1.5 mm in diameter were excluded from our analysis.
In a symptomatic patient population, segment-based coronary artery calcification signifi cantly decreased agreement between multidetector CT angiography and QCA for detection of a coronary stenosis of at least 50%. Coronary calcifi cation reduced diagnostic accuracy when controlling for sex, age, heart rate during image acquisition, and image quality. The prevalence of CAD in noncalcifi ed segments was substantially lower than that in segments with mild, moderate, or severe calcifi cation. In a segmentbased analysis, the positive likelihood ratio in a coronary segment with disease was acceptable in noncalcifi ed segments, but was lower than is acceptable in segments with moderate or severe calcifi cation. Negative likelihood ratios for coronary segments are limited. Importantly, there were differences in the diagnostic performance of multidetector CT angiography based on AUCs between noncalcifi ed segments and mildly, moderately, and severely calcifi ed segments. Further technologic development is needed to improve the assessment of lesion diameter stenosis in the setting of coronary calcifi cation. ( 25, 26 ) .
Disclosures of Potential Confl icts of
To our knowledge, this is the fi rst 64-detector row study to implement a comprehensive coronary model (29-segment coronary tree condensed to 19 segments) and to quantitatively measure the degree of luminal narrowing in each of the segments with both CCA and multidetector CT angiography. Another important strength of our study is its multicenter prospective nature and the thorough analysis of CCA and multidetector CT angiography studies in blinded centralized core laboratories. The clinical utility of multidetector CT angiography to identify a patient with obstructive CAD has been shown by CORE-64 and other studies ( 2-9 ); however, its utility to determine the presence or absence of substantial CAD in a segment is limited by the presence and extent of coronary artery calcifi cation.
Our study was not without limitations. The qualitative assessment of coronary plaque and image quality may be calcium and lumen. Wall calcifi cation and positive remodeling of the coronary vessel (external expansion of the vessel to accommodate plaque resulting in a reserved lumen) can be visualized in cross-sectional views with multidetec tor CT angiography. As a result, multidetector CT angiography shows more plaque and calcium than can be appreciated at CCA. In fact, CCA is limited to "lumenography" and is unable to show the extent of wall plaque and deep calcium. Therefore, multidetector CT angiography can show plaque that may not effect lumen dimensions. This is compounded in the presence of calcifi cation in the wall, aforementioned artifacts, causing the plaque to appear to be encroaching on the lumen when it may not at CCA.
Technologic development to reduce blooming and beam-hardening artifacts has focused on improvements in reconstruction algorithms and spatial resolution. One approach has focused on the development of reconstruction algorithms to address beam-hardening artifacts and maximize spatial resolution ( 24 ). Other technical approaches to 
